Noise Enhances Subthreshold Oscillations in Injured Primary Sensory Neurons
Since the early 1990s, numerous studies have shown that noise can play a constructive role in the detection of weak signals in various kinds of peripheral receptors [1] [2] [3] and neurons [4] [5] [6] , which suggested that the receptors and neurons can utilize noise to improve their responsiveness. Most of the results were obtained by extracellular recording, which did not reveal the real changes of membrane potential. In a few data using intracellular recording, the changes of spike number induced by noise were shown in hippocampal CA1 neurons [6, 7] , thalamocortical neurons [8] and pyramidal cells [9] . However, the mechanism underlying effect of noise on membrane excitability is not clear.
In neurons, electrical membrane noise arises from different sources, such as the quasi-random release of neurotransmitters from the synapses and the random switching of ion channels [4, 6, 10] . Recently some experimental and computational studies have reported that channel noise can be a major contributor to electrical membrane noise in neurons, and stochastic behavior of the persistent sodium channel becomes a primary source of channel noise [4, 6, 11] . In addition, nonlinear systems with Noise Enhances Subthreshold Oscillations in Injured Neurons Neurosignals 2011; 19:54-62 55 noise can display stochastic resonance (SR)-like behavior even without external periodic input. This phenomenon has been termed autonomous SR (ASR) [4, 12, 13] . Our previous experimental results have also shown that enhanced persistent sodium current ( I Na, P ) is one of the major intrinsic factors to determine appearance of both subthreshold oscillation and spontaneous activities in the primary sensory neurons following injury [14] [15] [16] . These data suggest that membrane noise may play a certain role during the course of developing hyperexcitability in the injured neurons through enhancing subthreshold oscillation and displaying ASR-like behavior. In order to certify this hypothesis, we selected one type of sensory neurons with subthreshold oscillation from injured dorsal root ganglion (DRG), and examined the effects of electrical membrane noise with a different intensity on both subthreshold oscillations and threshold potential for generating spontaneous activities in an experimental setting and a theoretical model.
Materials and Methods

Animals and Surgery
Experiments were conducted on adult Sprague-Dawley rats (100-250 g) of both sexes in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals (revised in 1996), and were approved by the Animal Use and Protection Committee of our university. The chronic compression of DRG model was prepared according to the method described previously [17] . Briefly, after the conduct of anesthesia with pentobarbital sodium (40 mg/kg, i.p.), the L4 and L5 intervertebral foramen on the left side were clearly exposed and a fine, L-shaped stainless steel rod (about 3 mm in length and 0.4-0.6 mm in diameter) was inserted into the foramen and left there to produce a steady compression of the DRG. Animals were kept under a natural dark/light cycle, with unlimited access to food and water.
Cell Preparation
Three to 7 days after surgery, the rats were deeply anesthetized with pentobarbital sodium (60 mg/kg, i.p.) and L4 and L5 DRGs were removed rapidly. The cells were mechanically dissociated after incubation in culture medium containing trypsin (0.5 mg/ ml; Sigma) and collagenase I (1.5 mg/ml; Sigma) for 40-50 min at 37 ° C. Dissociated neurons were plated on coverslips, and then transferred to a recording chamber that was mounted on the stage of an upright microscope (BX50-WI; Olympus Optical, Tokyo, Japan). The chamber was filled with bath solution containing the following (in m M ): 150 NaCl, 5 KCl, 1 MgCl 2 , 3 CaCl 2 , 10 glucose, and 10 HEPES. Recordings were performed on neurons after 1 h. During recording, the neurons were perfused with oxygenated bath solution. Medium-sized cells whose diameters (the average of the widths of its longest and shortest axes) ranged from 30 to 38 m were chosen as objects.
Electrophysiological Recording
The perforated whole-cell current clamp recording was performed with Axopatch 200 A patch-clamp amplifier (Axon Instruments, USA) at room temperature ( ϳ 25 ° C). The electrode resistance and transient membrane capacitance were compensated by the amplifier. The pipettes were filled with a solution containing (in m M ): 140 K-glucose, 2 MgCl 2 , 3 EGTA, 10 HEPES and amphotericin B (100 g/ml). In some experiments, in order to isolate I Na, P , the pipette solution contained (in m M ): 140 CsF, 1 EGTA, 10 NaCl, 10 HEPES, while the extracellular solution contained (in m M ): 140 NaCl, 3 KCl, 1 MgCl 2 , 1 CaCl 2 , 10 HEPES. All solutions were filtered through 0.22 m cellulose acetate filters. In voltage-clamp mode, the persistent sodium current was elicited by a depolarizing ramp from holding potential of -80 to -30 mV. Data acquisition was filtered at 4 kHz and sampled at 10 kHz with the Clampex 9.0 software system (Axon Instruments) through the digitizer (digidata 1322A, Axon Instruments), and the analysis was carried out by Clampfit 9.0 (Axon Instruments) and origin6.1 (OriginLab Corp., USA). The spike threshold is defined as the voltage at which the value of dV / dt preceding a spike first became ^ 1/30 of dV / dt max as previously described [18] .
Noise Input and Signal-to-Noise Ratio Measuring
The additive electrical noise is Gaussian white noise which is produced by software Labview in computer, and the noise with different intensity ( D , pA r.m.s.) was injected into the recorded DRG neurons through the same recording microelectrode via patch-clamp amplifier. Signal-to-noise ratio (SNR) = h f/ ⌬ f, where h and f represent the height and frequency of the main peak in the power spectrum of the output data, respectively. ⌬ f represents the frequency width of the peak at the height of 1/2 h. The SNR actually reflects the degree of coherence, i.e. ␤ [12, 13] .
Mathematical Neuron Model
The neuron model, for observing oscillatory behavior, is an isopotential RC compartment with three discrete transmembrane ionic currents flowing in parallel to the membrane capacitance. The current equation for this model is:
C , the membrane capacitance, is 0.25 nF, I K, S is slow noninactivating potassium current and I Na, P is persistent noninactivating sodium current. I leak is the passive current and I in is the input current. Two types of current ( I K, S and I Na, P ) are used to simulate the production of subthreshold oscillation. In some simulations, for generating spike, two additional voltage-dependent currents are added to this model, a fast sodium current ( I Na ) and a delayed potassium current ( I K ). The equation is:
Details of the model equation and parameters can be found in the paper by Gutfreund et al. [19] . The mathematical model was solved by Simulink block of Matlab. To examine the subthreshold oscillation and the action potential induced by noise, Gaussian white noise is added to the above models, respectively. All simulation is done at depolarization levels. So,
D is the intensity of Gaussian white noise (t) with zero mean value ! (t) 1 = 0 and unit variance ! (t) (t ) 1 = ␦ (t). For observing oscillatory and fire behavior, membrane potential was set to near threshold. In simulation, DC is 1.3 nA. Noise (t) was generated by Band-Limited White Noise block in Simulink Sources. In block parameter settings, noise power (intensity) is set as D, others are default. This mathematical model mainly described the properties of resonance for neurons. These neurons exhibit subthreshold oscillations and spikes based on the oscillations. Moreover, I Na, P play an important role in the occurrence of the oscillations. So this model could be close to simulating the basic characteristics of DRG neurons we recorded in the experiments.
Drug Application TTX was purchased from Sigma-Aldrich Cookson Ltd. Drugs were applied by changing perfusing solution from bath one to drug one.
Results
Repetitive Firing from Two Types of Injured DRG Neurons
In 150 neurons examined, two types of neurons with repetitive firing in response to input depolarization ramp currents were observed. The first type, 15 neurons (about 10%), exhibited tonic repetitive firing with a lower threshold and did not appear to have regular subthreshold oscillations, and also showed lower frequency ( ^ 5 Hz) resonance ( fig. 1 a-c) . The second type, 46 neurons (about 30%), always exhibited resonance properties with a higher frequency ranging from about 20 to 100 Hz ( fig. 1 d-f ). This type of neurons always exhibited regular or spindle subthreshold oscillations and burst firing in response to depolarizing ramp current input, and spikes arose from the subthreshold oscillations. With the membrane potential depolarizing, the number and amplitude of subthreshold oscillations increased, which are similar to those shown previously in the injured primary sensory neurons [20, 21] . Other neurons (about 60%) did not exhibit repetitive or burst firing, and regular subthreshold oscillations in response to depolarizing ramp currents, while they only generated single or a few spikes to depolarizing step stimulation (data not shown).
Effects of Noise on Repetitive Firings
For the first type of injured DRG neurons, when noise was added with an increase in intensity from 30 to 250 pA r.m.s. the threshold potential of first spike and numbers of repetitive firings did not exhibit any significant changes (n = 12) ( fig. 2 a, b) , in spite of small irregular fluctuations appearing on resting membrane potential. When the noise was added with an increase in intensity from 30 to 250 pA r.m.s, the second type of neurons showed that the threshold potential of the first spike changed from -20.9 to -35.5 mV ( fig. 2 c) . Summarized data were shown as in figure 2 d; the threshold potential for the first spike decreased from -17.7 8 2.0 to -26.8 8 2.3 mV (n = 12). In the meantime, the number of spikes increased from 3.2 8 0.8 to 13.6 8 5.0 (n = 12) along with the additional increased noise (30-120 pA r.m.s.). We plotted the relationship between SNR and noise intensity in the neurons with subthreshold oscillations as shown in figure 2 e. The typical shape of SNR demonstrated that the optimal noise intensity with a maximal presence of SNR occurs, suggesting that an ASR behavior appears in the second type of neurons [12, 13] .
Effects of Noise on Subthreshold Oscillations
As shown in figure 3 a, the membrane potential for initially emerging oscillations in a second-type neuron changed from -24.1 to -47.6 mV by adding noise with different strengths to the same ramp current. Figure 3 c shows the statistical results of membrane potential for emerging oscillations (n = 9). The average amplitudes of subthreshold oscillations increased significantly from 3.0 8 0.6 to 7.5 8 0.8 mV (n = 9, fig. 3 c) . For neurons with subthreshold oscillations, Fourier analysis revealed that the power of dominant oscillation gradually rose with the increase in noise intensity within a certain range, reflecting a noise-dependent increase in the amplitude and coherence of the oscillations ( fig. 3 b) . However, for neurons without subthreshold oscillation, the first type of neurons, noise did not have a significant effect on the membrane potential (data not shown).
I Na, P Involved in Effect of Noise
It is known that I Na, P plays an amplifying role in the amplitude of oscillations [6, 22] . To determine whether I Na, P exists in the DRG neurons with subthreshold oscillation, a ramp voltage command from -80 to -30 mV was applied. As shown in figure 4 a, a current was first activated at about -70 mV and the amplitude peaks to ϳ 250 pA at about -45 mV. This current can be abolished by application of a low dose of TTX (100 n M ), which is similar to I Na, P in some other sensory neurons [23] . To examine the role of I Na, P in the process of noise-induced subthreshold oscillation, we compared the effects before and after blocking of I Na, P on noise-induced subthreshold oscillation in 5 neurons. As shown in figure 4 b, at base, a smaller depolarizing ramp current did not cause any ob-vious subthreshold oscillations in an injured DRG neuron. While adding noise with a certain intensity under the same conditions, subthreshold oscillations and spikes occurred obviously. Then, the application of a low dose of TTX (100 n M ) gradually abolished both subthreshold oscillations and discharges induced by noise. Note that when a discharge series disappeared, the action potential can still be evoked by a short pulse ( fig. 4 b, inset) , indicating that the ability of neurons to discharge remained. By washing out TTX, which might reverse the effect of I Na, P , the noise can again evoke the obvious subthreshold oscillations as well as spikes ( fig. 4 b, upper traces) .
Mathematical Neuronal Model
A mathematical neuron model as mentioned above was used to confirm the effects of noise on electrical activities. As shown in figure 5 a, by first adjusting the depolarizing step current to keep the neuron model near resting state and not displaying oscillations, and then adding noise with increasing intensity, subthreshold oscillation can be triggered and enhanced. When further increasing noise intensity, both the amplitude of subthreshold oscillation and the number of spikes increased obviously. The plot of the relationship between SNR and noise also shows a characteristic of ASR ( fig. 5 b) . The co- ). a Repetitive firing was evoked by depolarizing ramp current, which is dependent on current intensity in a type 1 neuron. Scale (y, x) 10 mV, 100 ms. d Depolarizing ramp current evoked a rhythmical bursting with subthreshold membrane potential oscillations, which is not sensitive to current intensity in a type 2 neuron. Scale (y, x) 20 mV, 50 ms. b , e Voltage response (upper trace) of neurons injected with ZAP current (lower trace; from 0 to 100 Hz, 3 s in b and from 0 to 200 Hz, 3 s in e ). The type 1 neuron responded at the peak of a very low frequency ( b ), the type 2 neuron, on the other hand, at a high frequency ( e ). Scale (y, x) 1 mV, 500 ms for b and 6 mV, 500 ms for e . c , f The impedance curve plotted as a function of input frequency, using the data in b and e . It shows that the resonance frequency is about 5 Hz for type 1 neurons and about 75 Hz for type 2 neurons. Spikes in a and d were truncated.
herence of these noise-induced oscillations is shown to be maximal for a certain noise intensity. Qualitatively, the neuron model correctly predicted the behavior of real sensory neurons induced by noise (see fig. 2 e), suggesting that noise-induced oscillation may reflect one kind of universal feature of neurons with intrinsic oscillatory property. This result is basically consistent with some observations that the mathematical neuron models in the presence of noise can also display SR-like behavior even without external signal [13] .
Discussion
In the present study, a novel phenomenon observed is the great reduction of spike threshold induced by noise, which may be related to the following causes. First, the membrane potential for emerging subthreshold oscillation drops greatly, which is induced by noise as described above. In the injured DRG neurons, the subthreshold oscillation is considered as a fundamental factor for generating ectopic firing [20, 21] . Second, due to the augmentation of amplitude of subthreshold oscillation during the Noise-induced subthreshold oscillation mediated by persistent sodium current ( I Na, P ). a Current-voltage curve of I Na, P obtained by applying a depolarizing ramp voltage from -80 to -30 mV. The upper panel shows the traces of I Na, P at control, application of TTX (100 n M ) and after TTX washout. Scale (y, x) 40 pA, 200 ms. b Effect of TTX on subthreshold oscillations and spikes which were induced by noise. From bottom to top, the base represents the membrane potential only with an injected ramp current (up to 0.7 nA); the control represents the effects of an added noise with a fixed intensity (60 pA r.m.s.) on the same ramp current as applied on the base; obvious oscillation and firing were evoked. The upper four traces indicate application of TTX (100 n M ) and after TTX washout. Note that after application of TTX for 3-5 min, most of subthreshold oscillations and resulting spikes disappeared while the spike can be evoked by intracellular stimulus ( inset , scale (y, x) 20 mV, 5 ms). The action potentials have been truncated. Scale (y, x) 20 mV, 50 ms. noise application, the arising slope of membrane potential fluctuation increases obviously. It is proved that the spike threshold is dependent on the change rate of membrane potential fluctuation before a spike [18] . Therefore, when the level of membrane potential for emerging subthreshold oscillation decreases and the slope of the rising phase of oscillation becomes greater, the threshold for generating ectopic firing, a kind of chronic painful signal, decreases inevitably to a much lower value [24] . I Na, P is demonstrated to play an important role in determining the appearance of subthreshold oscillation and the generation of ectopic firing, which is considered a key factor for producing chronic pain signals in injured DRG neurons [15, 16] . However, the relationship between noise and I Na, P during enhancing of the subthreshold oscillation is not very clear. Recently, White and Kay [11] circumvented this problem by pharmacologically blocking native I Na, P and using a custom-designed dynamic-clamp system to knock in virtual ion channels, demonstrating that a stochastic flicker of I Na, P is necessary for the existence of subthreshold oscillations [6] . Our previous works also showed that in injured DRG neurons I Na, P increased significantly and played a key role in generating subthreshold oscillations [15, 16, 25] . In the present experiment, when the I Na, P was blocked by a low-dose TTX, both subthreshold oscillations and discharges induced by noise were abolished completely (see fig. 4 b) . These results strongly suggest that both the stochastic flicker of channels and a certain intensity of I Na, P are the necessary conditions for noise-enhancing subthreshold oscillations in the injured DRG neurons. In addition, recent data from Huber and Braun [26] demonstrated that I K, S is an important factor for regulating the amplitude and frequency of oscillations. It is helpful to clarify the interaction of multiple channels in the subthreshold oscillations.
Nonlinear systems with noise can display SR-like behavior even without external periodic input. This phenomenon has been termed ASR [4, 12, 13] . Recently, ASR has attracted more interest in the mathematical neuron models [13, 27, 28] . It has been shown that the weak noise makes the membrane potential fluctuate near the firing threshold and displays sustaining subthreshold oscillation which is also called perithreshold oscillation. In the present study it was shown that ASR only appears obviously in the neurons with higher frequency resonance, suggesting that the intrinsic property of resonance is a decisive factor for occurring ASR behavior in neurons. This kind of neurons should belong to class 2 excitability which exhibits subthreshold oscillations before the occurrence of spikes and fires at a higher rate, though the rate is relatively independent of the strength of stimulation current [15, 16, [29] [30] [31] . In another word, at least in sensory neurons, only the neurons with class 2 excitability could exhibit ASR behavior. Increasing the noise intensity in H-H neuronal model, the coherent motion, i.e. coherence between main frequency of electrical activity and intrinsic subthreshold oscillations, increases first to a maximum and then decreases, showing an optimal value of coherent motion to noise [12, 13, 28] . These theoretical studies suggest that the subthreshold oscillations which are determined by intrinsic resonance property in neurons are an essential condition for noise-inducing ASR behavior [19, 22, 32] . The present experimental data also showed that the threshold of first bursting firing decreased in the neurons with subthreshold oscillation as increasing noise intensity, in which SNR increased steeply at low noise levels and then fell gradually after peak value, suggesting a typical ASR appeared in this type of neurons. Meanwhile, a mathematical neuron model correctly predicted the behavior of real sensory neurons induced by noise. These experimental and mathematical results not only suggest that the intrinsic subthreshold oscillations in neurons represent an essential condition for noise-inducing ASR behavior but also provide direct evidence of ASR in the injured sensory neurons. It is well known that the ectopic firing generated from the injured primary sensory neurons might contribute to chronic pain sensation [15, 20, 21] and electrical membrane noise in neurons can alter excitability [6, 11] . However, the relationship between the generation of chronic pain signal and intensity of noise is still ambiguous. The present work first suggests that electrical membrane noise may be a fundamental factor for promoting generation of chronic pain signals. Three lines of evidence support this possibility. First, I Na, P was evidenced as a main source of internal noise in neurons [6] . The present experiment further showed that in injured sensory neurons suppression of I Na, P can abolish the effects of noise. Second, the subthreshold membrane oscillation is an essential condition for generation of ectopic firings especially in some neurons with class 2 excitability, in which both membrane potentials for generating oscillation and amplitude of oscillation are dependent on the intensity of noise. Third, the formation of various ectopic firing patterns, for example, repetitive or bursting or irregular and so on, might be dependent on the interaction of subthreshold oscillation and noise through ASR behavior. In other words, after nerve injury, the neurons actually exist at a high level of noisy environment and possibly take advantage of or suffer from it.
